The homeostasis of insulin-like growth factor-1 (IGF-1) is essential for metabolism, development and survival. Insufficient IGF-1 is associated with poor recovery from wounds whereas excessive IGF-1 contributes to growth of tumours. We have shown that cyclic glycine-proline (cGP), a metabolite of IGF-1, can normalise IGF-1 function by showing its efficacy in improving the recovery from ischemic brain injury in rats and inhibiting the growth of lymphomic tumours in mice. Further investigation in cell culture suggested that cGP promoted the activity of IGF-1 when it was insufficient, but inhibited the activity of IGF-1 when it was excessive. Mathematical modelling revealed that the efficacy of cGP was a modulated IGF-1 effect via changing the binding of IGF-1 to its binding proteins, which dynamically regulates the balance between bioavailable and non-bioavailable IGF-1. Our data reveal a novel mechanism of auto-regulation of IGF-1, which has physiological and pathophysiological consequences and potential pharmacological utility.
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I
nsulin-like growth factor 1 (IGF-1) plays an essential role in development 1 , metabolism and survival 2 . Its function is mediated through activating IGF-1 receptors for initiating downstream signalling pathways 3, 4 . The homeostasis of IGF-1 function is dynamically regulated through reversible binding to circulating and tissue associated IGF-1 binding proteins (IGFBPs) 5 . Both insufficient and excessive amounts of IGF-1 are related to medical conditions, such as poor recovery from injuries 2 and tumorigenesis 6 , respectively. The unbound IGF-1 can be enzymatically metabolized to des-(1-3) IGF-1 (des-IGF-1) and glycine-prolineglutamate (GPE), which is cleaved from its N-terminal 7, 8 . GPE is enzymatically unstable 9, 10 and is rapidly metabolized into single amino acids and dipeptides including cyclic glycine-proline (cGP) 9 . Similar to IGF-1 11 , both GPE and cGP are neuroprotective in the treatment of hypoxic-ischemic (HI) brain injury in rats 10, 12, 13 . While the neuroprotective effect of IGF-1 is clearly mediated by IGF-1 receptors 11 , GPE does not interact with IGF-1 receptors [12] [13] [14] [15] . The mode of action of GPE and cGP still remains unknown. The neuroprotective effects of GPE and cGP after intracerebroventricular (icv) administration are dose-dependent, suggesting receptor-mediated pharmacodynamics 12 . The neuroprotective effects of IGF-1 16 and GPE 17, 18 also involve reduced vascular damage and improve vascular remodelling. This prompted us to investigate whether IGF-1-mediated vascular remodelling contributes to cGP associated neuroprotection in a rat model of unilateral ischemic brain injury. The investigation led to the identification of cGP as a novel mechanism regulating the bioavailability of IGF-1.
Results and Discussion
Vascular protection of cGP was associated with IGF-1. Hypoxic ischemic (HI) injury to the brain was induced unilaterally in the hemisphere ipsilateral to the ligated carotid artery 17, 19 . Compared to the contralateral side (Control side), HI injury induced a significant loss of capillaries in the ligated side (Injured side) of the hippocampus (Fig. 1a, p , 0.05) . The loss of capillaries in the striatum was mild and not significant (Fig. 1b) . A single dose of cGP (0.2 mg/rat) that is known to only partially prevent neuronal damage 13 , completely restored the density of capillaries in the hippocampus (p , 0.01) and striatum compared to the controls (vehicle, Fig. 1a, b) . These vascular effects of cGP may contribute to its neuroprotective properties 13 as a preserved vascular network is central to neuroprotection 17, 20 . In addition to morphological injuries to the ipsilateral hemisphere, HI injury also induces biological changes in both hemispheres, which can be dominant changes in brain regions where the morphological injury is either mild or even absent 10 . To determine the potential role for IGF-1 in cGP-associated vascular protection, we evaluated the expression of both inactivated and phosphorylated IGF-1 receptors in the capillaries. Using double labelling, we found morphologically that while the neuronal expression of the phosphorylated receptors was more evenly distributed in most neurons (Fig. 1c) , the vascular expression of the activated IGF-1 receptors (green) was strongly expressed in a small population of capillaries (red, Fig. 1d ). The expression of IGF-1 receptors was not on the endothelial cells, but was on morphologically identified pericytes (Fig. 1d ), which play a key role in vascular remodelling through expressing angiogenic factors and their receptors 21 . This suggests that those capillaries expressing activated IGF-1 receptors may have a role in vascular remodelling. Thus, the increase in these 'angiogenic capillaries' may contribute to the recovery of the brain from ischemic injury 22 . IGF-1 accumulates in the blood vessels of damaged brain regions within a few hours after HI injury 23 and glial cells start to produce IGF-1 locally thereafter, for several days 23 . However, the mRNA transcripts encoding IGF-1 receptors either remain the same or decrease after brain injury 23, 24 , suggesting that an insufficiency of endogenous IGF-1 facilitates brain recovery 25 . Enumeration of capillaries that were positive for IGF-1 receptors revealed that HI injury induced a profound loss of angiogenic capillaries in the injured hemispheres ( Fig. 1e-h, p , 0 .01, open bars). Therefore, IGF-1-mediated vascular remodelling may be compromised. In contrast, the treatment with cGP significantly restored the number of angiogenic capillaries in the injured side of the hippocampus (p , 0.001) and striatum ( Fig. 1e-h , p , 0.01). The effects of cGP treatment on phosphorylated IGF-1 receptors were similar to that of IGF-1 receptors in all brain regions examined. The data indicate that cGP promotes IGF-1-induced vascular remodelling when the endogenous IGF-1 is insufficient to prevent neuronal and vascular damage. Furthermore, this observation suggested that the protective effects of cGP may be mediated through IGF-1.
The expression of IGF-1 receptors and the phosphorylated IGF-1 receptors were more complex in the contralateral. While cGP moderately increased angiogenic capillaries in the non-damaged (Control) hippocampus (Fig. 1e, g , p , 0.05), we found a reduction of angiogenic capillaries in the striatum (Fig. 1f, h , p , 0.01). The data suggested a potential biphasic effect of cGP on normalising IGF-1 activity. Nevertheless, these changes in IGF-1 associated angiogenesis did not alter the vascular density in the brain regions with no vessel damage, suggesting that cGP associated vascular remodelling was injury-specific. cGP can either inhibit or stimulate IGF-1 induced angiogenesis. We speculated that cGP had effects on the homeostatic mechanisms of IGF-1-induced vascular remodelling. Using a Human Microvascular Endothelial Cell line (HMEC-1) 26 , we first evaluated the temporal effects of cGP on IGF-1-induced endothelial cell growth in response to either serum (0.2%) or serum withdrawal. With the presence of serum, IGF-1 (100 nM) continuously stimulated endothelial cell growth during 6 days of culture compared to the phosphate buffered saline (PBS) control (Fig. 2a, p , 0.01) . In contrast, the treatment with cGP alone (100 nM) did not promote endothelial cell growth (Fig. 2a) . However, the combined treatment of IGF-1 and cGP (both at 100 nM) produced a similar growth rate to that of IGF-1 alone during the first 4 days of culture, then showed a significant inhibition at day 6 when compared to the treatment with IGF-1 alone (Fig. 2a, p , 0.01). We interpret these data to indicate that cGP only inhibits IGF-1 function when its bioactivity is sustained above a threshold. To confirm this finding, we evaluated the formation of tubes in endothelial cells using growth factor reduced Matrigel 26 . Similarly, the combined treatment of cGP and IGF-1 significantly inhibited the total number of tubes formed after the treatment with IGF-1 alone (Fig. 2b, p , 0.01) . The inhibitory effects also required 6 days of the same treatment to elevate IGF-1 induced angiogenesis above 'the threshold' (Fig. 2b, p , 0.01) . We also performed the experiments after withdrawal of serum. Compared with PBS controls, IGF-1 did not stimulate endothelial cell growth in the absence of serum (Fig. 1c) . In contrast, the combined treatment of IGF-1 and cGP promoted the proliferation of endothelial cells when the treatment with IGF-1 alone was ineffective (Fig. 2c, p , 0.001) . Together, these data support our finding that cGP have a biphasic interaction with IGF-1 depending on whether IGF-1 activities are elevated or insufficient.
We then further evaluated these biphasic effects of cGP using a different experimental paradigm, in which we tested the effects of different concentration ratios of cGP5IGF on IGF-1-induceed cell survival at a single time point of 24 hours after the treatments. IGF-1, at a higher concentration (6.5 nM) promoted cell viability compared to the PBS control (Fig. 2d, p , 0 .001). The combined treatment with cGP (1-20 nM) and IGF-1 (6.5 nM) significantly reduced cell viability compared to IGF-1 alone (Fig. 2d, p , 0.01). In contrast, the same dose range of cGP failed to alter IGF-1 function when the concentration of IGF-1 was reduced fivefold (1.3 nM, Fig. 2e) . Thus, the inhibitory effects of cGP were negated when IGF-1 was low, possibly due to the ratio of cGP5IGF-1 being close to equimolar. However, when the concentration of cGP was increased to 50-100 nM in the presence of 1.3 nM IGF-1 we found a moderate stimulation of cell viability (Fig. 2e, p , 0.05), which was clearly due to the increase in the concentration ratio of cGP5IGF-1. To further explore this stimulatory effect of cGP, we then treated cells with cGP alone, such that cGP dominated endogenous IGF-1 in the culture system. We observed a dose-dependent stimulatory effect of cGP (5-20 nM) compared to PBS treated controls (Fig. 2f , p , 0.01). These data from multiple experimental paradigms and various assays demonstrated that the efficacy of cGP on endothelial cells was the result of interacting with IGF-1, which normalises homeostasis by inhibiting or stimulating or maintaining IGF-1 activity, depending on whether the IGF-1 induced angiogenesis was excessive, insufficient or within a moderate, perhaps physiological range, respectively.
The role of IGF-1 receptor and IGFBP in cGP efficacy. To investigate the role of IGF-1 receptors and IGFBPs on the interaction between cGP and IGF-1, we evaluated the effects of cGP on IGF-1 induced angiogenesis using endothelial cells transfected with an IGF receptor-a expression plasmid or siRNA knock-down plasmids [27] [28] [29] , and an antibody to inhibit IGFBP-3. To minimise the interactive effects of cGP on endogenous IGF-1, we used serum free conditions. IGF-1 (1 nM) failed to promote the survival of endothelial cells after mock transfection of the control siRNA (psiU6-CK) compared to the PBS controls (Fig. 3a) . The loss of the effectiveness of IGF-1 might be related to down-regulation of IGF-1 receptors after the control mock transfection (data not show). As expected, the combined treatment of IGF-1 (1 nM) and cGP (10 nM) promoted cell survival while IGF-1 alone was ineffective (Fig. 3a, effect of combined IGF-1 and cGP on cell viability (Fig. 3a) . Overexpression of IGF-1 receptor-a by gene transfection promoted IGF-1-induced cell viability compared to the PBS treatment (Fig. 3b , p , 0.001). While the combined treatment of cGP and IGF-1 did not affect cell viability in the si-Vec controls (Fig. 3b, pIRESneo3 -/Vec), the overexpression of IGF-1 receptors to elevate IGF-1 function, the combined treatment of cGP and IGF-1 inhibited the viability of cells (Fig. 3b, p , 0.01 ). Using western blotting we also found that the treatment with IGF-1 alone increased the expression of activated IGF-1 receptors in the endothelial cells, which was inhibited after a combined treatment of cGP and IGF-1 ( Supplementary Fig. 3b ). We do not have direct evidence whether or not cGP interacts directly with the IGF-1 receptor. However, we did observe that the effective dose of cGP when given as combined treatment failed to further stimulate cell growth when given alone compared to the control treatment (Fig. 2a & f and supplementary Fig. 2 & 3) . These data suggest that the presence of IGF-1 is essential for cGP to be effective and that cGP is unlikely to activate the IGF-1 receptor directly. Furthermore, use of a competitive binding assay shows that GPE does not displace IGF-1 or des-IGF-1 binding to rat brain IGF-1 receptors 7 . A separate study also demonstrated the inhibitory effect of cGP on IGF-1-induced viability of C 2 C 12 myoblasts (Supplementary Fig. 2b ). These data provide further evidence that cGP modulates the actions of IGF-1.
IGFBPs have higher affinity for IGF-1 than do IGF-1 receptors, and the conversion of IGF-1 to des-IGF-1 is associated with a low binding protein affinity 5 . The major carrier protein for IGF-1 in the plasma is IGFBP-3 30, 31 . The binding of IGF-1 to IGFBPs prolongs the half-life of circulating IGF-1 32 and modulates the availability and activity of free IGF-1 to maintain homeostasis 6, 30, 31 . We compared the effects of cGP on IGF-1 induced cell viability with and without the presence of an antibody to IGFBP-3 (218 nM, IGFBPAB). Blockade of IGFBP-3, to increase free IGF-1, changed the effects of cGP on IGF-1 (1 nM) mediated cell viability from both homeostatic (no change, 1 nM) and stimulatory (10 nM) to inhibitory (Fig. 3c) . Our data suggest that cGP mediates the bioavailability of IGF-1 via an interaction with IGFBP-3.
Given that the binding of IGF-1 to IGFBPs is reversible and that the ratio of cGP5IGF-1 appeared to determine the efficacy of cGP, we tested the possibility for cGP to alter the binding of IGF-1 to IGFBP-3. Using an in vitro peptide-peptide interaction assay and HPLC analysis 13 , we compared the percentage of unbound IGF-1 between the co-incubation of IGF-1 and IGFBP-3 either with or without the presence of cGP. We found a dose-dependent change in unbound IGF-1 after incubating IGFBP-3 (0.1 molar-ratio) with IGF-1 (0.01 to 10 molar-ratio, Fig. 3d ). The co-incubation in the presence of cGP (1 molar-ratio) increased the amount of free IGF-1 at a high cGP5IGF-1 molar ratio (150.01-0.1), but reduced the amount of free IGF-1 when the cGP5IGF-1 molar ratio was low (155-10), and did not alter the amount of free IGF-1 when the ratio was equivalent (Fig. 3d) . These data may not explain entirely the complex biological interaction of IGF-1 and cGP to IGFBPs. Nevertheless, the ratio of cGP5IGF-1 influences IGF-1 function possibly through interfering with the binding of IGF-1 to IGFBP-3. As an N-terminal tripeptide of IGF-1, GPE is a major binding site for IGFBPs 15 as des-IGF-1 has low affinity for IGFBPs 5 . IGFBPs can inhibit the formation of GPE by preventing free IGF-1 from being metabolised 32 . Given that GPE is enzymatically unstable 33 , does not exist in tissues 15 and shares the biological characteristics with cGP 13 ( Supplementary Fig. 1 ), as well as being transformed to cGP, there may be a possibility for cGP, a biologically stable isoform, to interact with IGFBPs and, thereby create a complex auto-regulatory loop. It is possible that the deficiency of IGF-1 may be associated with a higher cGP/IGF-1 ratio and administration of cGP may normalise IGF-1 function through increasing the availability of free IGF-1. In contrast, excessive IGF-1 function may be associated with a lower cGP5IGF-1 ratio and the administration of cGP may restore the equilibrium of IGF-1 and cGP. Our interpretation of our data is that the release of the enzymatic product of free IGF-1, cGP maintains and/or restores equilibrium between free and bound IGF-1 by interfering with the binding of IGF-1 to IGFBPs. Therefore, cGP may play a role in the auto-regulation of IGF-1 action. The mechanism of cGP on IGF-1 binding to IGFBPs is entirely unknown, which needs to be determined in future.
Mathematical modelling analysis. We extended a previous model of IGF-1 dynamics 34 to include the competitive interaction between IGF-1 and cGP for binding proteins as observed experimentally. A schematic diagram of the interactions described in the mathematical model is shown in Fig. 4 . The model fitted well with the data (R 2 5 0.83), and suggested that the effects of cGP on IGF-1 function, via the competitive binding characterized by the model equations, can describe a significant portion of the complex interaction between cGP and IGF-1 on cell viability.
We also validated our mathematical model using an independent set of data that measured the effects of IGFBP-3 antibody on the interaction between cGP and IGF-1 on cell growth (R 2 5 0.77) ( Supplementary Fig. 5a-d) .
cGP inhibits tumour growth. We evaluated whether cGP inhibited IGF-1-dependent tumour growth, to confirm the ability of cGP to normalize the pathological consequences of elevated IGF-1 function. The mouse EL-4 lymphoma naturally secretes IGF-1 and has high affinity for IGF-1 receptors 35 . We treated mice with cGP (25 mg/kg/ day) either at the time of tumour cell inoculation to determine its preventive effect on tumour formation, or after the tumour was established to determine whether it would cause the regression of the tumour. In the prevention experiment, all saline treated mice developed tumours at day 10, whereas only half of the mice treated with cGP developed palpable tumours 16 days after inoculation (Fig. 5c) . The tumours of the control mice were significantly larger than those of cGP treated mice (1.05 vs. 0.2 cm in diameter (p , 0.01), Fig. 5a, b) .
For treating established tumours, we initiated cGP (25 mg/kg/ day) treatment when tumours were approximately 0.3 cm in diameter. cGP treatment of established tumours was less effective than the prevention of tumour formation. Nevertheless, the size of tumours was 20% smaller at day 22, compared to the saline-treated control mice (1.33 vs 1.67 cm, p , 0.01) (Fig. 5d) . Excessive IGF-1 activity promotes neoplasia 6 . Given that IGF-1 protects EL-4 cells from apoptosis 36 our results suggest that cGP antagonizes IGF-1-mediated protection of EL-4 cells from apoptosis. The inhibition of cGP on IGF-1 associated tumour growth in vivo suggests that exogenous cGP normalises the autocrine function of IGF-1 under pathological conditions.
Taken together, these diverse observations suggests that cGP can normalise IGF-1 function under pathophysiological states of both functional deficiency, as illustrated by improving brain recovery from injury and inhibiting excessive bioactivity as implied by inhibiting tumour growth. Enhanced IGF-1 function has indeed been suggested for treating neurological conditions [36] [37] [38] and inhibiting IGF-1 activity is a strategy for cancer treatment 39 . Both conditions might have unavoidable adverse effects by non-specific stimulation or inhibition of IGF-1 function 38 . Our data suggest that cGP is an additional component in the axis regulating IGF-1 homeostasis, and that cGP has potential therapeutic applications for a long list of medical conditions where IGF-1 homeostasis is impaired.
Methods
All experimenters were blind to the experimental groups.
Human microvascular endothelial cell line. All experimental procedures for the human microvascular endothelial cell line (HMEC-1) assays have been previously reported 26 .
Total cell count assay for temporal effects. A total cell count assay was used to determine time-depended effects of cGP and/or IGF-1 under conditions of either serum enrichment (0.2% FBS, Fig. 2a & b) or serum withdraw (Fig. 2c) . The assay enables an evaluation of temporal changes over a 6 day period at multiple time points. The total number of cells was determined by seeding cells in 6-well plates at a density of 15,000 cells/well and the assays were set up in triplicate. After overnight incubation in complete medium, cells were washed twice with PBS and compounds in 0.2% serum containing media were added to the wells. The compounds used were IGF-1 alone (100 nM, Genentech, San Francisco, CA, USA), cGP alone (100 nM, Bachem AG, Switzerland), IGF-1 1 cGP (100 nM), GPE alone (100 nM, Sigma), GPE 1 IGF-1 (100 nM) and IGF-1 1 cGP 1 GPE (100 nM). Media and compounds were replaced every 48 h. Cells were trypsinised and counted every 24 h from day 4 to day 6. Cell counting was done using a hematocytomter. Ten ml of cell suspension was pipetted onto each grid and all 9 squares were counted. Eight counts were performed for each well and cells/ml was calculated using the formula: cells/ml 5 (Average of counts/9) 3 10,000.
In-vitro tube formation assay. To determine the formation of tubes in vitro, 70,000 cells were seeded per 25 cm 2 flask and pre-treated with PBS, IGF-1 (100 nM) and cGP 1 IGF-1 (100 nM) in 0.2% serum media for 6 days before the cells were transferred onto growth factor-reduced Matrigel (GFR-Matrigel, BD, Franklin Lakes, NJ, USA). The treatment protocol used for the tube formation assay is same as that for the total cell count assay. Each treatment was carried out in triplicate and media was changed every 48 h. Cells were trypsinised and transferred onto Matrigel on day 6 in serumfree media containing the compounds.
GFR-Matrigel was thawed at 4uC overnight and 100 ml/well was added to 24-well plates precooled to 220uC. The plate was incubated at 37uC in a humidified incubator for 30 minutes to allow the Matrigel to solidify. Cells from 25 cm 2 flasks were trypsinised and 40,000 cells in 1 ml serum free medium containing the compounds were added to each well. Cells were incubated at 37uC in a humidified incubator for 18 h and 5 photos were taken per well at 1003 magnification using the OLYMPUS IX71 Inverted Laboratory Systems Microscope (Olympus Optical Co., Tokyo, Japan). Images were processed using ImageJ version 1.43u (National Institute of Health) and tube formation parameters analysed using ImagePro Plus version 6.0.0.260 (Media Cybernetics, Inc.). The number of tubes was analysed and compared between the groups.
Cell viability assay. A cell viability assay was used to evaluate the efficacy of cGP on IGF-1 induced cell survival at 24 hours after treatments. Cells were seeded in precoated 96-well plates (0.1% gelatine) at a density of 10,000 cells/well for HMEC-1. The assays were set up with six replicates per treatment group. Cells were left to attach in complete medium (10% FBS, 1% penicillin/streptomycin, 1% glutamine) overnight. Once fully attached, cells were incubated with serum-free medium (MCDB 131 medium) for 24 h. On the following day, cells were washed twice with PBS and serum free medium containing cGP (1-100 nM, Bachem AG, Switzerland) and/or IGF-1(1-6.5 nM, Genentech, San Francisco, CA, USA) were added to each well to determine the efficacy of cGP on IGF-1 induced cell viability. To determine the role for IGFBP-3 in cGP efficacy, IGFBP-3 antibody (278 nM, mouse, monoclonal, sc-135947 -Santa Cruz Biotechnology) were also added to the wells accordingly. The plates were incubated for 72 h with media and compounds being replaced at 48 h. After 72 h, 10 ml of 1 3 Alarmar Blue (Invitrogen Life Technologies, Carlsband, CA, USA) was added, incubated for 4 h and absorbance was measured (530 nm ex/590 nm em) using a Synergy 2 Multi-mode Microplate Reader and Gen5 data analysis software (Biotek, Winooski, VT USA).
IGF-1 receptors knock-down and overexpression. To determine the role of IGF-1 receptors, we evaluated the efficacy of cGP in the HMEC-1 after either know-down or overexpression of IGF-1 receptors. For knock-down of IGF-1 receptors, plasmidbased small interfering RNA (siRNAs) 29 that target the a-subunit of IGF-1 receptor mRNA sequences AACGACUAUCAGCAGCUGAAG and AACAAUGAGUACAACUACCGC were used as previously described 27 . A negative control siRNA targeted mRNA sequence AACUACCGUUGUUAUAGGUGU (Ambion) 27, 28 . For IGF-1 receptor overexpression, the expression plasmid pIRESneo3-IGF-1 receptor containing cDNA encoding IGF-1 receptor from the plasmid pCVN-IGF1R was used to overexpress IGF1 receptors 40 . Western blotting was used to determine the expression of IGF-1 receptors in the HMEC-1 cells. We observed a 50% decrease in the abundance of IGF-1 receptors after IGF-1 receptor siRNA knock-down and 35% increase after IGF-1 receptor overexpression.
Animal experiments. The Animal Ethics Committee, the University of Auckland has approved all experimental procedures (R913 for conducting mice lymphoma experiment and R157 for conducting ischemic brain injury in rats) in accordance with Animal welfare Act 1999 and the Code of ethics conduct, New Zealand. Every effort was made to minimize animal suffering and to reduce the number of animals used for the study.
cGP administration after HI injury in rats. The procedures of HI injury and central administration of peptides have been reported previously 13 . Briefly, Wistar rats (male, 280-310 g, 60-70 days old) from the Animal Resources Unit, the University of Auckland were used. Rats were anaesthetised using 3% Halothane (3%)/O 2 . For intracerebralventricular administration a guide cannular was fixed stereotaxically at the coordinates of 1.5 mm from the midline and 17.5 mm anterior-posterior (A-P) from the inter-aural zero plane on top of the dura.
The rats were re-anaesthetized 3 days late. The right common carotid artery was surgically exposed and ligated two times using sutures. Two hours after the ligations a brief hypoxia (15 min, 6 6 0.2%) was induced in an incubator where the relative humidity (90 6 5%) and temperature (31 6 0.5uC) were controlled.
The rats were randomly divided into two groups for receiving either cGP or saline treatment 2 h after the hypoxia. Rats were re-anaesthetized for peptide administration. A needle, connected to a Hamilton syringe (100 ml) by a catheter was inserted through the pre-fixed cannula. Either cGP (0.2 mg/rat, n 5 12, Sigma), dissolved in saline (20 ml) or saline only (n 5 12) was delivered to the right lateral ventricle (1 ml/ min infusion rate) using a microdialysis pump (CMA/100, Carnegie Medicin, Stockholm, Sweden). The rats were killed for tissue collections 5 days later. All experimenters were blind to the treatments.
Immunohistochemical staining and assessments. Brain tissue collections, preparations, staining and assessments have been described previously 20, 41, 42 . Briefly, rats were deeply anaesthetized using an overdose of pentobarbital (125 mg/kg, intraperitoneally). The brains were perfused with saline, followed by neutral buffered formalin (10%). The brains were collected and further fixed in same fixatives in situ for at least 48 hours, then processed and embedded in paraffin.
Six sequential sections (every 20th sections) were collected from approximately 6 mm, for striatum and from 4.5 mm and 4.2 mm AP inter-aural zero plane for the hippocampus and mounted on pre-coated histology slides.
The sections were de-paraffinised in xylene, rehydrated in an ethanol series and washed with Phosphate buffer saline (0.1 M) with triton X-100 (0.2%, PBST). The sections were pre-treated with H 2 0 2 (1%) in methanol (50%) for 20 min before antigen retrieval. For the antigen retrieval, the slides were immersed in sodium citrate buffer (10 mM, pH 6.0, 95uC) for 20 min. The sections were then washed and incubated with either monoclonal mouse anti-IGF-1 receptors (Sigma, 151000) or rabbit anti-phosphorylated IGF-1 receptors (pY1161, Abcam, Sapphire Bioscience (NZ) Ltd., Hamilton, NZ, 15100) at 4uC for 48 hours. The sections were washed before being incubated with secondary antibodies at 4uC overnight accordingly, and then with ExtrAvidinH (Sigma-Aldrich Pty, Ltd., Sydney, AU) at room temperature for 3 hours after being washed, developed in 3, 3, diaminobenzidine tetrahydrochoride (DAB, Sigma-Aldrich Pty, Ltd.) and cover slipped with DPX. Isolectin B4 biotin-conjugated (154000, Sigma, St. Louis, MO, U.S.A.) was used as a marker for capillaries 18 . The sections were pre-treated with 1% H 2 O 2 in 50% methanol after being deparaffinized, then incubated overnight at 4uC with the isolectin B-4 in Tris buffered saline before being developed in DAB.
For double labelling, Alexa FluorH 568 streptavidin conjugate (Invitrogen, 15250) was used for visualising vascular staining (IB4), donkey anti-mouse (Alexa FluorH 488 conjugate, Invitrogen, 15250) and donkey anti-rabbit Alexa Fluor 488 conjugate (Invitrogen) diluted in 1% normal horse serum in PBS was used for visualising immunostatining of IGF-1 receptors. Photomicrographs were taken using a Zeiss LSM 510 confocal microscope at 10 and 100 magnifications.
The density of capillaries was measured using image analysis 17, 18, 43 . Briefly the number of capillaries in the striatum and hippocampus was measured using Image J 43 , the number of capillaries with positive IGF-1 receptors was counted in the entire striatum and hippocampus in both hemispheres directly under microscopy. The areas used for counting were measured using Sigma scan v5.0. The density of IGF-1 receptors containing capillaries was calculated as total number/mm 2 . The persons involved in data assessment and analysis were blind to the treatment groups.
cGP administration in a mice model of lymphoma. Experiment 1. Experimental procedures have been previously described 44 . To determine the preventive effects of cGP in tumour growth, 12 mice (8 week old, male C57BL/c) were obtained from the Vernon Jansen Unit, University of Auckland. The mice were randomly assigned to the control and cGP groups (each group had 6 mice). The mice were anaesthetized by intraperitoneal injection of ketamine/xylazine. An incision (5-10 mm) was made at the mid-scapular region on the back of each mouse and a subcutaneous pocket was created. An ALZET mini-osmotic pump filled with 100 ml of cGP peptide solution or vehicle was inserted into the pocket, and the incision was closed with wound clips. The drug was delivered by the pumps at a dose of 25 mg/kg/day. While the mice were under anaesthetic condition, EL-4 thymic lymphoma cells (2 3 10 5 suspended in 50 ml of PBS) were inoculated subcutaneously into the right flank of the mice. The sites of inoculation were checked daily for the presence of palpable tumours, the diameter of tumours were measured. Experiment 2. To determine the effect of cGP on tumour growth, 12 mice (8 week old, male C57BL/c) were randomly assigned to the control-and cGP-treated groups (each group had 6 mice). The mice were anaesthetized by intraperitoneal injection of ketamine/xylazine. EL-4 thymic lymphoma cells (2 3 10 5 suspended in 50 ml of PBS) were inoculated subcutaneously into the right flank of the mice. An ALZET miniosmotic pump filled with 100 ml of cGP peptide solution or vehicle was inserted into the pocket at 10 days after inoculation when the average tumour size was approximately 0.3 cm in diameter. The incision was closed with wound clips. The drug was delivered by the pumps at a dose of 25 mg/kg/day. The site of tumour inoculation was checked daily for the presence of palpable tumours, the diameter of which was measured. Experimenters were blind to the treatment groups.
IGFBP-3 binding assays. The assay has been previously reported 13 . To establish the baseline of IGF-I binding to IGFBP-3, we incubated IGFBP-3 in a range of concentrations of IGF-I (0.5, 2, 10, 50 and 100 mg/ml) in phosphate buffer saline (PBS, pH 7. concentration (Ct), the same dose range of IGF-I solutions were incubated with PBS in the absence of IGFBP-3. After 4 hour incubation at 37uC, the samples were centrifuged using ultrafiltration spin columns (Vivaspin with 10,000 Da cutoff; GE Healthcare, UK) at 2500 3 g for 30 min. The filtrate (unbound IGF-I) of each individual sample in the ultrafiltrate (C u ) was analysed by RP-HPLC. The samples from different concentration ratios were process and analysed at the same time.
The percentage of unbounded IGF-I was calculated using the following equation:
Unbound % ð Þ~C u =C t |100 C t 5 IGF-I from the samples without the presence of IGFBP-3; C u 5 the unbound IGF-I with the presence of IGFBP-3.
The analytical chromatography, used for quantitating the amount of IGF-1 was performed by a high performance liquid chromatography (HPLC) assay. The assay ran on an Agilent 1260, using a Jupiter C 18 column (250 3 4.6 mm; 300 Ǻ pore size; Phenomenex, Torrance, CA, USA), a flow rate of 1 ml/min, an injection of 50 ml. The column temperature was maintained at 45uC and the detection was monitored at 214 nm. The mobile phase consisted of buffer (A), methanol (B) and Milli Q water (C). Mobile phase A was prepared by dissolving 6.71 g of di-sodium phosphate and 2.21 g of sodium-1-heptane sulfonate in 1 litre Milli Q water. All the mobile phase was filtered and degassed prior to use. All the assays were performed under gradient conditions as described in Supplementary Table 2 .
Mathematical analysis. For mathematical modelling, the Boroujerdi et al. (1997) 34 model was extended to include cGP dynamics and was solved in MATLAB. Nonlinear optimisation was used to compare model simulations to data (see Supplementary information).
